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Abstract

This paper presents a soft-switched ac-to-dc boost converter cell
operating in discontinuous current mode (DCM). Equivalent circuits
for the various operating intervals of the converter are presented and
analyzed. Design procedure is illustrated with a design example of
a 1 kW, 600 V output ac-to-dc converter cell operating on a 165 to
265 V (rms) utility-line and switching at 100 kHz. Operation and
performance of the designed converter is verified using SPICE simu-
lations and experimental results. Detailed loss calculations are given.
This converter has low line-current THD and will be used as cells of a
multi-phase 5 kW converter.
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1 Introduction

High switching frequency of a power converter is desirable since it results
in the small size, light weight, and small input and output current ripple.
However, the increased switching loss with the switching frequency is not
desirable. The multi-cell converter, with all cells operating in parallel, but
each cell at a different phase, is able to achieve similar results in size, weight,
and the ripple of the input/output current without suffering the high loss
associated with the high switching frequency [1,2], because each cell operates
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at a relatively lower frequency than the single-cell converter. The multi-cell
configuration has an additional advantage of better thermal control of com-
ponents. For the above reasons, the phase-shifted multi-cell configuration is
adopted for a 5 KW 600 V PFC boost converter, which is the ac-to-dc front
stage of an UPS DC power supply. For further reducing the switching losses,
without decreasing the switching frequency, the soft-switching technique is
applied to each cell. Among various soft-switching circuits [3-17], the ZVT
circuit proposed in [3] has the advantages of ease of control, good perfor-
mance for wide input line voltage and various load conditions. The main
switch turns on at zero voltage, whereas the dv/dt of the voltage across the
main switch and the di/dt of the current in the boost diode are controlled
by the auxiliary circuit. The main switch turns off softly due to the snubber
capacitor parallel to it. Therefore its switching losses and the reverse re-
covery loss of the boost diode can be reduced greatly. The auxiliary switch
turns on at zero current, which reduces its turn-on loss.
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Figure 1: Proposed PFC soft-switched DCM boost converter cell circuit
diagram.

While both CCM [2] and DCM [1] operation can be used in the boost
converter for a multi-cell configuration, the DCM operation has the follow-
ing advantages: (1) Power factor correction is achieved using a simple con-
trol scheme (natural PFC). (2) The distribution of the power and the input
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current is naturally uniform for all cells in the multi-cell system. Unlike
CCM operation, it is not necessary for each boost converter cell to sense
the inductor current or the switch current. (3) Negligible reverse recovery
losses in the boost diode, since the boost diode current slowly returns to zero
before the turn-on of the switch in DCM. (4) The ripple cancellation when
DCM boost converters operates in multi-phase configuration eliminates the
need for large filters.
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Figure 2: High frequency operating waveforms of the proposed soft-switched
DCM boost converter.

Therefore, this paper proposes a soft-switched DCM boost converter cell.
Although the proposed cell configuration (Fig. 1) is analyzed for CCM op-
eration [3], its operation, analysis, design, loss calculations, and simulation
results for DCM operation are not available in the literature. The layout
of the paper is as follows: Section 2 presents the basic operating principle
and various intervals of operation. Time domain analyses for the various
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intervals are also given. Section 3 gives the design method and loss calcula-
tions of the converter based on the above analysis. A 1 kW, 600 V output,
100 kHz, ac-to-dc PFC boost converter cell design example is presented to
illustrate the design procedure. Performance of the converter is verified by
PSPICE simulation and experimental results presented in Sections 4 and 5,
respectively.

2 Operation and analysis of the proposed converter

The operating waveforms are shown in Fig. 2. The equivalent circuits during
different intervals for one high frequency (HF) switching cycle are shown in
Fig. 3. To simplify the analysis, all the components are assumed ideal and
the output capacitor C, to be equivalent to a constant voltage source. The
input line frequency voltage V; is considered constant in a switching cycle
and D;, (in Fig. 3) representing the input diode rectifier. The resonant
frequency determined by L, and C, is very high compared to the switching
frequency, f. Operation of the converter and its analysis during different
intervals (Figs. 2 and 3) is presented below.

Initially, the main switch SW and the auxiliary switch SWa are in the
off-state. The boost inductor current 775 and the resonant inductor current
iz, are zero. The snubber capacitor C. is charged to the output voltage

(Vo)-

Interval 1 (to - t1)(Fig. 3a): At tg, the beginning of this interval, the
auxiliary switch SWa is turned on. The main switch SW remains off. In
this interval the boost inductor current iy is zero. Because the current ipy
of the diode Db is zero at ty under DCM, no reverse recovery current is
produced. The resonant current iy,, which flows through the inductor L,
capacitor C, and the diode D,., starts increasing and the voltage across the
snubber capacitor C,. (v, ) decreasing. The state variables are iz, and ve,.

iLr = ‘/0 . \/CT/LT . sin[wr . (t - to)] (1)
vor = Vg - coslw, - (t — to)]. (2)
At the end of this interval (¢ = t1),vc, = V. Therefore,

t1 —to = [cos™" (Va/ Vo)) fwr (3)

wy, = 1/\/L, - C. (4)
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Figure 3: Equivalent circuits of the PFC soft-switched DCM boost converter
in different intervals of operation during a HF cycle.

Interval 2 (t; - t3) (Fig. 3b): At ¢t = t1, ve, decreases to Vi and Dy,
starts conducting. The current in the boost inductor L; starts increasing
from zero. In this interval, the boost inductor current iy; is very small
compared to the resonant inductor current iy,. Therefore, (1) and (2) ap-
proximately describe the current iy, and the voltage vc, in this interval,
respectively. With the initial condition iz(t1) = 0 and ve, approximated
by (2), solution for the boost inductor current iy is:

iy ~ Vi-(t—t1)/Ly— [Vo/(wr - Lp)] - sinfw, - (¢ — to)] (5)
+[Vo/(wy - Ly)] - sin[w; - (t1 — to)].
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At the end of this interval, vcy(t2) = 0, then using (2),

tz—toz(ﬂ'/Q)'\/Lr'Cr. (6)

The resonant inductor current reaches its maximum value at ¢t = o,

from (1):
iL'r = iLr(t2) = ‘/o "V C’r/Lr- (7)
From (5),

i(t2) ~ Vs (t2—t1)/Lp — [Vo/(wr - Lp)] - sinfw; - (2 —t0)]  (8)
—i—[VO/(wT . Lb)] . sin[wr . (tl — t())].

Interval 3 (t3 - t3) (Fig. 3c): After the voltage vo, reaches zero, the
diode D; starts to conduct. Then the gate control signal of the main switch
SW can be applied. The current iy, of the inductor L, is constant in this
interval, i.e. i, = ir,(t2).

The boost inductor current iy, satisfies

iy = Vs - (t—tg)/Lb—i-iLb(tQ). (9)
The current in diode D; is
iDi = 1Lb — tLr- (10)

Interval 4 (ts- t4) (Fig. 3d): At t = t3, the auxiliary switch SW,
is turned off. The equivalent output capacitance Cj,, of the switch SW
is charged through the diodes D; and D,. The current iy; of the boost
inductor L; continues to increase and is given by (9). With the initial
conditions iz, (t3) = Vo(C;/ Lr)l/ 2 and vgyq (t3) = 0, the resonant inductor

current iy, is
itr = Vo /Cy/Ly - coslwg - (t — t3)]. (11)

where w, = 1/ (chswa)l/ 2 Cywe is the switch capacitance of SWa. The
voltage across the auxiliary switch

Vswa = Vo V Cr/Cswa : Sin[wa : (t - t3)]- (12)
The current in diode D; is given by (10). At the end of this interval vgy,
(t4) = V,, thus from (12)
_ . -1
ty —t3 = (1/w,) - sin ( (Cswa/CT)> : (13)
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From (11)

'L'L'r(t4) =V, V (C’r / Lr) : COS[wa : (t4 - t3)] (14)
and from (9)
irp(ta) = (Vs/Lp)(ts — t2) + irs(t2). (15)

Interval 5 (t4 - t5) (Fig. 3e): When the voltage across SW, reaches
the output voltage V, at t = t4, the diode D, conducts. vy, is clamped
to V, while diode Dj is still conducting. The boost inductor current ¢y is
given by (9). The resonant inductor current is

iy = irr(ta) — (Vo /Ly )(t — tq). (16)

The current in D, is the same as i1, and the current in D; is given by
(10). At the end of this interval ip;(t5) = 0.

Interval 6 (ts - tg) (Fig. 3f): At ¢ = t5, the diode D; turns off. The
main switch turns on with ZVS. The switch current i, increases while the
current iy, continues to decrease. The main switch currrent is

isw - iLb - Z.Lr (17)

where iy, is given by (16). The current in the diode D, is the same as iy,.
The boost inductor current iy is given by (9).

At the end of interval 6, ir.(ts) = 0. With (16), (14), (13) and
sin ™! [Cywa/Cr] /2 22 0.

tﬁ-tg%t(j—bl%\/l—/r'cr (18)
isw(tﬁ) = iLb(tg) = (VS/L(,)(tG — tz) + iLb(tg). (19)
Interval 7 (tg - t7) (Fig. 3g): In this interval, the circuit operates in the

same way as the conventional boost converter. The boost inductor current
is given by (9). At the end of this interval, the boost inductor current

irp(tr) = (Vs/Ly)(tr — t2) + irs(t2). (20)
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Interval 8 (t; - tg) (Fig. 3h): At ¢t = t7, the main switch is turned
off. In this interval, the boost inductor current is assumed constant, i.e.
iry = trp(t7). Therefore, the snubber capacitor C, is charged with the
constant current iy,(¢7). The voltage across snubber capacitor is

ver = [iny(t7)/Cr](t — t7). (21)

At the end of this interval, ve, charges to the output voltage V, (vey(t7) =
Vo). Thus
ts —tr = [Cr%]/i[,b(tﬁ. (22)

Interval 9 (ts - tg) (Fig. 3i): After ve, is charged to V,, the boost diode
Dy, conducts with ZVS. The circuit operates again like the conventional boost
converter. The boost inductor current i7; can be derived from the equation

iy = irp(t7) — [(Vo — Vi) /Lp)(t — t7). (23)

At the end of this interval, iy, = 0 and the diode D, turns off at zero
current.

Interval 10 (tg - to+ T) (Fig. 3j): This is the DCM interval. irp
remains zero. The voltage vo, across the snubber capacitor C,. stays at V,
due to the equivalent blocking diode D;,,.

3 Design and loss calculations

3.1 Design of the DCM conventional boost converter

This part of design is developed from the analysis given in [18] and [20]
for the DCM boost converter operating with a fixed duty cycle and fixed
switching frequency. It can be shown that the input power is given by
[18,20],

Py = [(TV3)/(27- Ly)][D? - a® - y()] (24)

where

a=1/M=Vn/V,, (25)

M is the converter gain, DT is the ON-time of the main switch, D =
duty ratio of switch SW, V,, = dc output voltage, V,, = peak ac line voltage,
T =1/f, f = switching frequency, and
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@=2_T 2 T a2 (26)
RO =y a2 a?-\1—a? [2 Vi—a2/|

For the rated power, to ensure the operation in DCM at the peak of line
voltage (V},,), the maximum duty ratio, D,,, is

Dy = (Vo= Vin)/Vo=1-a. (27)

Assuming that all the components are ideal, the maximum theoretical
value of L; for DCM operation, denoted by Ly, can be written as (using

(24)),

Lym = Ky - fo(a) (28)
where
Ky=(T-V})/(2r - Pin) (29)
and
fol@) = D, - a®-y(a) = (1 - a)*-a® - y(a). (30)

In practice, the actual duty ratio D should be less than D,, to ensure
DCM operation. This can be assured by selecting the value of Ly < Ly,
using a duty ratio D = Ky - D,,, where K < 1.

From (28)-(30), it can be seen that Ly, is a function of a once the input
power Pj, and output voltage V, are set by the specifications. We define
«a as «ap for the minimum input voltage and apy for the maximum input
voltage, respectively. In the design, value of L is calculated for these two
extreme values. The boost inductance selected is the minimum of the two.
Appendix 1 gives the equations used for calculating the component stresses.

3.2 Design of the ZVT circuit

The snubber capacitor limits the dv/dt on the main switch SW and reduces
its turn-off loss. The capacitance can be calculated by the equation [20],

Cr = Isw(pk) - ts/Vo (31)

where t; is the fall time of the main switch SW and Isw (pk) = iry(t7) is
the peak current (evaluated at the peak of line voltage) of the switch SW.

The selection of the resonant inductance L, determines the length of
the ZVT interval 1 and 2, as well as the peak current of the switch SW,.
From (6) obtained in the analysis of interval 2, L, can be determined by the
equation
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to—to=K;-T=(w/2)-\/L,-C, (32)

where K; is the constant assigned to control the length of intervals of the
ZVT and T is the HF switching period. Since the resonant frequency of
L, and C) should be much higher than the switching frequency, K; can be
smaller than 1/20. Thus from (32), the resonant inductance

L, = (1/C)(2- K; - T/n)% (33)
The peak current of resonant inductor L, and the auxiliary switch SW

I, (pk) = Iswa(pk) = irs(t2) = Vo - /(Cr / Lr). (34)

The average current of diode D, and inductor L, is obtained by averaging
for the HF' cycle for the worst case.

is

Ipr(av) =~ (1/T)-/0t6iLTdt (35)

[V, (Cr /L)Y )TN [1 Jwy + (t3 — t2) + sin{wy - (t4 — t3)}/wa
+(t6 - t4) . cos{wa(t4 - tg)} - (wr/2) . (tG — t4)2].

RMS current of switch SW , needs to be calculated only over a HF cycle,
as the resonant current iy, repeats in line frequency (LF) cycle in the worst
case.

ta t3
Iswa(rms) ~ \/<1/T> /0 z’%rdm\/u/T) /0 i3t (36)

= Vo (Cr/Ly)/?)[{m/(dwr) + (t3 — t2)}/TTH2.

Similarly, RMS current of the resonant inductor L, is obtained also over
a HF cycle

I (rms) =~ \/(1/T) /0 6i%rdt (37)

Vo - (Cr/ L) P)[{m/ (dwr) + (3 — t2) + (6 — ta)
X[1 = wy - (ts — t4) +w? - (te — ta)%/3]} /T2

1
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As Cyyq is very small compared to C,, it is assumed that (t4 —t3) is zero
in the above calculation.
Average current of diode D, in the worst case

Ipg(av) = (1/T)./tt6 iredt (38)

= Vo (Cr/zr)w/T]
x[(tg — ta) - cos{wa(ts — t3)} — wy - (te — t1)%/2].

Average current of the diode D; is obtained by averaging first over the
HF cycle and then over the line frequency cycle. Only the worst case is
considered. In a HF switching cycle, average current of the diode D;

ts
Ipi(av)s = (1/T) - / i pedt. (39)
to
The above integral can be evaluated using the equations for various in-
tervals given in Section 2. Contribution from the boost inductor current
before to which is very small, is neglected. Then the average current of D;
in a line cycle (w; = 27 f;, f; = line frequency) is

Ipi(av) = %'/Oﬂfm(a”)sd(wlt) (40)

= Vo (Cr/Ls)'?/T][(ts — t2) + sin{wa - (ta — t3)}/wa

+(t5 — t4) - cos{wa(ts — t3)} — (t5 — t4)*(wy/2)]
—[Vin/ (7 - T - L)) (t5 — t2)*.

Appendix 2 gives the equations used for the loss calculations.

3.3 Design example

An ac-to-dc boost converter cell with the following specifications is designed
to illustrate the design procedure: Input ac voltage, Vg.(rms) = 165 - 265 V,
60 Hz. Output power, P,= 1000 W. Output voltage, V, = 600 V. Switching
frequency, f= 100 kHz.

We assume that the efficiency of the converter is 95% (guess value). Then
the input power P, = P,/ 0.95 = 1053 W.

The values of a for minimum and maximum input voltage are: «aj =
(v/2x165/600) = 0.3889 and ay =(v/2x265/600) = 0.6246, respectively.
Then the maximum boost inductance values calculated (using (28)) for DCM
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operations for the minimum and maximum input voltages are: Ly, = 72.72
pH for Voo = 165 (r.m.s.) and Lp,, = 104.3 pH for V. = 265 V (r.m.s.).
Therefore, the minimum of the two, Ly, = 72.72 uH for V,. = 165 V (r.m.s.)
is selected.

From (27), the maximum duty cycle at the minimum ac input voltage
Vae = 165 V (r.m.s.) is D,,= 0.611. To avoid entering CCM, we use 5%
margin in setting the limit of the duty cycle, i.e. K; = 0.95. Thus the duty
cycle at rated output power, D = K;.D,, = 0.5805. The designed boost
inductance, Ly = KC%me = 65.64 pH.

The component stresses (additional subscripts L and H are used to rep-
resent the minimum and maximum input voltage conditions) of the conven-
tional boost converter are as follows:

At the minimum ac input voltage Vyer, = 165 V (r.m.s.), D = 0.5805.
Using (A1.1 — A1.8) of Appendix 1 with o = a;, = 0.3889, I4.(rms) = 6.40
A, ILb(a’l})L: 5.57 A, Igw(pk})L = ILb(pk)L = 20.64 A, Isw(aU)L: 3.81 A,
Ipy(av)= 1.67 A, Ipr(av)L= 2.78 A.

At the maximum ac input voltage V.= 265 V (r.m.s.), duty cycle D
= Dy= 0.2978 (using A1.9) at the rated power. Using (Al.1 — Al.8),
in Appendix 1 with a« = apg, Li(rms)g= 4.04 A, Irp(av)g= 3.37 A,
Isw(pk)g = Irp(pk)g = 17.0 A, Isw(av)g= 1.61 A, Ipy(av)g= 1.67 A,
IBR<G/U)H: 1.68 A.

The warp speed IGBT IRG4PF50WD is selected for the main switch. It
has a maximum fall-time of ¢;= 190 ns. Using (31) and Isw (pk)= 20.64 A,
we calculate the snubber capacitance C,= 6.5 nF. A bigger standard value
Cr= 8.2 nF is chosen to reduce the turn-off loss of the main switch SW. We
assign Ky = 1/20, so that the resonant frequency (f,.) of L, and C, is much
higher than the switching frequency (f). With (33), calculated resonant
inductance L, = (1/C,)(2K:T/m)? = 12.3 uH. We choose L,= 12 yH and
MOSFET IRFPF50 for the auxiliary switch. Its fall time is t7, = 37 ns.

The output filter capacitance, discussed in [20], is

Co = Lo/ (2wy * Vip(pk)). (41)

With the peak ripple voltage V,,(pk) = 5 V, output current I, = 1.67 A
and w; = 1207 rad/s, calculated C, = 442 pF. We choose C, = 470 uF.

During ZVT intervals, the boost inductor current is small and its effect
is neglected in the following calculation. This results in t4 — t3= 0, tg — t5=
0 and tg — t4 = /L, - C,. To have enough conduction time of diode D; to
ensure ZVS of the main switch SW, assume that interval 3, (t3 — t2) = 200
ns. The calculation results are as follows:
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Peak current of the resonant inductor L, and the auxiliary switch SW,
are: Ir,(pk) =Iswa(pk) = 15.68 A. Ir,.(rms) = 3.68 A. Average current
of the diode D,: Ip,(av) = 1.05 A. RMS current of auxiliary switch SW:
Iswq(rms) = 3.31 A. Average current of diode D,: Ipg(av) = 0.25 A.
Average current of the diode D;: Ip;(av) = 1.05 A.

The simulation results for the above designed boost converter are given
in Section 4.

With Cype= 0.27 nF, ty,= 37 ns, R4s=1.6 Ohm, Vp=1.8 V, Vog(sat) =
1.8 V and ) = 200, the calculation results of efficiency are listed in Table 1
for the 1 kW, 600 V output boost converter operating at 100 kHz designed
above. In the calculations, it is assumed that, for enough conduction time
of the diode D; to ensure ZVS of the main switch SW, interval 3, (t3 — t2)
= 200 ns. It is also assumed that (t2 — o) =~ (7/2)-(L, - C,)Y/? = 492.7
ns, because i1y is very small during ZV'T intervals.

A converter with the same specifications, except for the output voltage
changed to 450 V, was also designed [20]. In this case, L; has to be selected
for the maximum input voltage at rated power (since lower value occurs for
this condition) to avoid CCM operation at the minimum input voltage of
Vae = 165 V (rms) and full load.

Lire Pos| Pome| Pov | Peome | Foa | Fou | Pog [Fowm | Foo | Par | Fuo |ULI| Effi-

Valtage| 2% | 1| (91 | [0 | 0T | 090 | 0 | O |01 | 090 | T | O | 990 | ciemey
1657 1|:||:|¢% 300|686 1301|2005 8.45]73.63 93.1:/0
(rrs) 0%, (4286|5801 BR1T 570 44|0.80( 1 95(53.43 |1 5011002(2.11 | 5037 90.9%

5%, 0981721075 501 [0D.53]40.35(86.1%
265 100% 206(200130111212[3 56|55 29 94.8%
(s 0% (4865801 ERT 7044|068 1.33(1.451.50] .08 [0.84 |42 42 92.2%

25%, OAE[0T31075) 1.21 (021 [34.80[87.8%

Table 1: Calculation results of losses and efficiency with minimum and max-
imum line voltage at full load, half load, and 25% load for the 1 kW, 600 V
output boost converter operating at 100 kHz designed in Section 3.

4 SPICE simulation results

To reduce the simulation time and the data storage space, the 1 kW, 600 V
output boost converter designed in Section 3.3 is re-designed with a switch-
ing frequency of 10 kHz. Since the switching frequency is still very high
compared to the line frequency, the simulation results will reflect the steady
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state analysis, as does the boost converter switching at 100 kHz. The re-
design gives the components, obtained by 10 times of the value at 100 kHz,
as follows: boost inductancel,= 656.4 pH, snubber capacitance C,.= 82 nF,
and resonant inductance L,= 120 pH. The output filter capacitor remains
unchanged, C, = 470 uF.
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Figure 4: SPICE simulation (on high frequency scale) waveforms obtained
with 165 V (r.m.s.) input at full load for the 1 kW, 600 V output converter
designed in Section 3.

Typical HF waveforms obtained from the SPICE simulation using INTU-
SOFT software for the re-designed converter with a minimum input voltage
of Ve = 165 V (r.m.s.) at full load and for a maximum input voltage of V.
=265V (r.m.s.) at 25% load are shown in Figs. 4 and 5, respectively. These
waveforms confirm the HF waveforms of Fig. 2 given in the analysis in Sec-
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Figure 5: SPICE simulation (on high frequency scale) waveforms obtained
with 265 V (r.m.s.) input at 25% load for the 1 kW, 600 V output converter
designed in Section 3.

tion 2. In simulation, the interval 3 (t3—t2), is very small, reflecting the
desired ZVT operation. Since non-ideal diode models are used in the simu-
lation, the waveform of vgyy, in the interval 6 is different from that in the
analysis, where the ideal diodes are assumed. The reverse recovery charac-
teristic of the diode D, in series with L, is the main reason for the difference.

The un-filtered input line-current 4., line voltage v,. and the harmonic
spectra of the high frequency filtered 4,4, for the conditions given in Figs.
4 and 5 are shown in Figs. 6 and 7, respectively. Table 2 summarizes the
component stresses obtained from the SPICE simulation results together
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Figure 6: SPICE simulation results: unfiltered input line current iac,
line voltage vac and harmonic spectrum of high frequency filtered iac
(THD=7.9%) for 1 kW, 600 V output converter with 165 V (r.m.s.) in-
put and at full load.
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Figure 7: SPICE simulation results: unfiltered input line current iac,
line voltage vac and harmonic spectrum of high frequency filtered iac
(THD=9.7%) for 1 kW, 600 V output converter with 265 V (r.m.s.) in-
put and at 25% load.
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with those obtained from theory. Table 3 summarizes the THD obtained
from the SPICE simulation for various input voltages and load conditions.

Line T s | Tl v | e P Lol @) oot @v ) Hart@v)] D | Jomd EF)
Load| Methad .
Voltage (] | [A | [A] | [A] | [&] [[A] | %] [A]
oo, | EEmtion | 764 [ 538 | 2198 [ 353 [ 145 [260 [55] 1549
*[Calculation | 640 | 5.57 | 2064 | 381 | 167 | 278 | 58| 1568
165 Sownlation | 445 | 265 | 1564 | 165 | 063 | 153 |37 1508

(rmsd| 0 Caloalation | 320 | 278 | 1450 | 101 | 083 | 130 |41 1568
o, [Smulstion | 261 [ 131 [ 1104|072 [ 023 [ 066 [24] 1537

' Calrulation | 160 [ 139 | 1032 [ 005 | 042 [070 |2 | 1568

oo, Slation | 543 [ 327 | 1798 [ 136 [ 145 | 161 |26 1557

Y Calrlation | 404 | 3.37 | 1700 | 161 | 167 | 168 |30] 1562

265 [ [Smulation | 319 | 160 [ 1231 ] 0.5 |03 {080 [16] 1543
(rmsd| 0 [Calulation | 202 | 162 | 1202 | 021 | 023 |0&4 (21| 1568
o, [SEwultion | 136 | U1 [ 256 | 019 [ 027 | 040 [36] 1346

Caleulation | 101 | 084 | 850 | 040 | 043 [ 042 15| 15645

Table 2. Component stresses from simulation and calculation results for the
1 kW, 600 V output boost converter designed in Section 3. Output voltage
is regulated at 600 V.

Inpt 165 ¥ (rme) 63V (rms)
Lioad 100% (1 BW) | 50%| 25% | 100% (1 W | 50% | 25%
THD [%] 19 63 ] 41 159 139 9.7

Table 3. THD results of HF-filtered i,. from the simulation for the 1 kW,
600 V output boost converter designed in Section 3.

5 Experimental results

Based on the values obtained in the design example given in Section 3, a 100
kHz, 1 kW, 600 V output ac-to-dc boost converter was built in the laboratory
using warp-speed IGBT IRG4PF50WD for the switch SW and MOSFET
for the switch SW,. Fig. 8 shows some sample waveforms obtained with
minimum input voltage (165 V r.m.s.) and maximum output power (1 kW)
at 600 V output. Fig. 8a shows the soft-switching of the switch SW. Fig.
8b confirms waveforms of ¢; and ve, predicted in the analysis and obtained
in the simulation. Fig. 8c reveals the performance of the power factor
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Figure 8: Experimental waveforms obtained for the 1 kW, 600 V output
converter with 165 V (r.m.s.) input and at full load.

345



- G.24% 2.008S +R/1 STOP

(a) v, (10 V/div.) and v, (200 V/div.)

o CTWEGHER A2 20.0V ;- 3.72Q 2.004 £A1_STOP

() iz, (10 A/div) and ve, (200 Vidiv.)

- 2.109 S.00%7 $/1 STOP

 CIWEFERE A2 10.0V/
N n B ]

- NPT SRS UL 5 I S

N H L
I e G L Umrnm ¢ D =260 27 47

(c) AC line voltage (100 V/div.) and line current (2.5 A/div.)

Figure 9: Experimental waveforms obtained for the 1 kW, 600 V output
converter with 265 V (r.m.s.) input and at 50% load.
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correction with low THD with the proposed boost converter. Measured
efficiency for this condition was about 91.2%, (calculated efficiency is 93.1%).
With an input voltage of 265 V (r.m.s.) at half load (500 W) (waveforms
shown in Fig. 9), measured efficiency was 92.7%. Measured harmonics
amplitudes and THD were very close (with an error of 1% to 2% range) to
the simulation results.

6 Conclusions

A soft-switched ac-to-dc converter cell operating in DCM has been proposed.
Only one auxiliary switch is used to achieve the soft-switching of the main
switch SW. The operating intervals and detailed analysis have been pre-
sented. The analysis of the operation is confirmed by the simulation results.
A design example is given to illustrate the design procedure. SPICE simu-
lation results obtained confirm theoretical results. An experimental 1 kW
prototype laboratory model with 600 V output and operating at 100 kHz, is
implemented using IGBT for the main switch. Experimental results confirm
the theory and show low line-current THD. This converter can be used as a
cell for a 5 kW front-end converter. Second stage will be a high frequency
transformer isolated dc-to-dc converter to step-down from 600 V to 420 V.
The proposed converter is for use in an UPS system. With the availability
of fast switching IGBTs and MOSFETS, higher efficiencies can be obtained.

This work is supported by grants from NSERC, Canada; and Kaiser
Foundation, Vancouver, B.C.

Appendix 1. Calculation of the component stresses

of the conventional PFC boost converter operating
in DCM

Main switch peak current
Iy (pk) =V - D - T/ Ly, (Al1.1)
R.m.s. input current

Le(rms) = Irp(rms) = Py, - /7 -/ B()/[Vin - y()] (A1.2)
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2 T 2-a®2-1 2 77 . —a
fla) = ———+—5+— 2y’ ’ N
a-(1-a?) a? o?-(1—-0a2) V1—a2 |2 V1—a?
(A1.3)
and y(«) is given by (26).
Other equations for the design are given below. Average switch current

Iyw(av) = Vi, - D* - T/(r - Ly). (A1.4)
Average current of boost diode
Ipp(av) = Po/Vo. (AL5)
Average current though each diode in the input bridge rectifier
Ipr(av) = Ip(av)/2 (A1.6)

where P, is the output power and Irp(av) is the average boost inductor
current.

Iry(av) = g : /07r - —S(in'(;il‘((i)l-t)d(wl.t) (A1.7)
where
K1 =Py -7/[V,-a- y(a). (A1.8)

Its numerical solution can be obtained by using MATHCAD or other
math software tools. Once the value of L is selected as presented in Section
3, the duty ratio D), for any other input voltage and P, can be calculated
from

Dy = [K - Pun/{(a? - y()}]/2 (AL9)

where
K= (2-7-Ly)/(T-V2). (A1.10)
Appendix 2. Loss calculations

Losses in the ZVT circuit are calculated as follows.
Auxiliary switch turn-on loss:

Popa = f * Cswa - V02/2- (A2.1)
Auxiliary switch turn-off loss:

Poffa = ILr(pk) - Vo - t5a/(6T) (A2.2)
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where Cy,q is the output capacitance of the auxiliary switch and 2z, is its
fall-time.
For an IGBT, the conduction loss for switch SW:

Peona = Iswa(av) - Vop(sat). (A2.3)
For a MOSFET, conduction loss for switch SW:

P.one = Iswa(rms)2 - Rys. (A2.4)

Conduction loss for diode Dy:
Ppe = Ipg(av) - Vp. (A2.5)

Conduction loss for diode D,.:
Pp, = Ipy(av) - V. (A2.6)

Conduction loss for diode D;:
Pp; = Ipi(av) - Vi (A2.7)

where V is the voltage drop of the diodes, Ry, is the Drain-to-Source On-
Resistance.

Losses in main circuit are calculated as follows.

Main switch SW turn-off loss:

Posp =V -D*-T-13/[48- L} - C,). (A2.8)
Main switch SW (for IGBT) conduction loss:
P.on, = Isw(av) - Vog(sat). (A2.9)
Diode Dy conduction loss:
Ppy = Ipp(av) - V. (A2.10)
Bridge rectifier conduction loss:
Ppr = Irp(av) - (2VE). (A2.11)

Boost inductor loss:
Prpy=2-m-f-Ly- [Irp(rms)]?/Q. (A2.12)

In the above equations V,, is the peak input voltage, D the duty cycle,
Veor(sat) the Collector-to-Emitter saturation voltage, Isy (av) the average
current of the main switch, Ipy(av) the average current of diode Dy, I14(av)
the average current of boost inductor, I74(rms) the rms current and @ the
quality factor of L. Then the total loss is calculated from

PLoss = Pona+Poffa+Pcona+PDa+PDr+PDi+Poff+Pcon+PDb+PBR+PLb-
(A2.13)
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